The paper treats of correcting calculation errors of the BLDC motor speed, based on the time elapsed between successive changes in the shaft position sensor signal. The developed method enables correction of errors of the deployment of sensors as well as rotating elements of the observation system of the motor shaft position. The correction algorithm performance was analysed with the aid of a model implemented in Matlab-Simulink environment. After confirming usefulness of the developed method through simulation, its usefulness was verified in real closed-loop feedback systems with a BLDC motor. The results of measurements carried out at the developed laboratory station are presented.
Introduction
Market demands for reduction of maintenance of electric drive systems, while improving their performance, encourage constructors to reach for modern structures of drive systems in designing new solutions or modernising existing ones. Such tendency may be seen in the regular replacement of low-power DC motors by brush-less direct-current ones, also called BLDC motors. Use of BLDC motors instead of DC motors enables significant improvement of the operating parameters of such solutions. Replacement of a maintenance-requiring mechanical commutator by an electronic one, besides reducing the maintenance of the drive, significantly increases efficiency of the whole system.
High requirements set for devices make implementation of a speed feedback necessary in order to achieve the desired motor speed, and sometimes define its shaft location. An integral part of a BLDC motor is a device for determining the shaft position to enable the control system to select an appropriate control vector. Usually, this element consists of three binary sensors, which determine the shaft position with the accuracy of 60 electrical degrees [1, 2] . The intention of minimising the production costs of a BLDC motor makes the accuracy of assembling these elements and the method of their regulation sufficient for correct system operation in open-loop, but often too low to ensure a proper rotational speed measurement of the motor speed [5−8] . Systematically developed methods of the sensor-less control of BLDC motors suit higher rotational speeds, but are insufficient for a proper feedback loop at lower shaft speeds, for which it is necessary to use their position sensors [3, 4] .
Measurement of BLDC motor shaft speed
The presence in the observation system of three independent sensors, monitored by an efficient microprocessor system, enables measuring the rotor speed in several ways, as presented in Fig. 1 .
The first way is to measure the time elapsed between successive changes in the state of the sensors in the observation system of the shaft position. This method is advantageous from the point of view of the dynamics of the system's operation, since deceleration of the speed readout is the lowest at its use. It boils down to incrementing the counter (e.g. Crst in Fig. 1 ) and calculating the speed by a change of the state in any of the three sensors of the motor shaft position ((1), krst -proportional constant).
The second, and at the same time easiest, is the method of calculating the duration of frequency of the rectangular signal generated by one freely selectable shaft position sensor. In practice, it is restricted to accomplishing a timely incremented counter (e.g. CrL-H of Fig. 1.) and calculating the engine speed by the change of one shaft position sensor. This method is very accurate, but due to a low refresh rate, defined as follows:
its usage is limited to drives of low operational dynamics. The third way is the method of independent speed calculation for each of the states of the sensor [9] . The result of this measurement is a 6 p ⋅ array of cyclically and independently changing values (where p is the number of pole-pairs of a motor). This method implies the necessity of using independent measuring units, assuming that each change in any of them is the signal to refresh the speed rate of the whole system. It is necessary to execute six independent counters -two for each sensor (e.g. for sensor r -counters CrL-H and CrH-L). 
which improves the dynamic properties compared to the method using only one motor shaft position sensor. Unfortunately, the value of the engine speed calculated by this method is, in fact, an average value of the last 6 ⋅ p measurements, according to the formula: 
where kr and krst are fixed determinations of engine speed and
. Therefore, this method introduces too much delay, particularly at low engine speeds, which is explained in Fig.  2 . Owing to these properties, the first method is the best way to determine the motor speed taking into account the time elapsed between successive changes of the state of the shaft position sensors (Fig. 2) . Unfortunately, the accuracy of the mechanical assembly of the measurement elements in drive systems, where the priority is to maintain a low cost of production, is relatively low. The error of measuring speed, % p δ , depends on the mechanical angle m δ of deflection of the axis of correct assembly, which influences the error of determining the position of the commutation point for a BLDC motor in accordance with (5) . It is obvious that the precision of manufacturing an engine is particularly important in the case of multi-pole machines, according to the formula:
This feature makes it almost impossible in many applications to correctly determine the engine speed based on calculation of the time elapsed between successive commutation points. Fig. 3 shows the course of rotational speed measured by three methods, assuming a 5% error of the alignment of the BLDC motor shaft position sensor r. The method in which the delay of speed read-out is the shortest is named method 1. It is the most advantageous method from the point of view of a closed-loop system's operation. However, the influence of precision in sensor assembly is the greatest in this case. 
Fig. 3. The structure and measurement results of the BLDC motor speed using three different methods for an incorrect alignment of one of the rotor position sensors.
On the basis of the motor speed waveforms calculated by different methods for a system with an incorrect alignment of shaft position sensors, a strong impact of the accuracy of alignment on determination of the speed by using method 1 can be stated, as well as total insensitivity to alignment errors of methods 2 and 3.
Since the error of sensor installation is repetitive, it is possible to correct the measured value in order to preserve both the advantages resulting from the speed of measurement method 3 and the insensitivity to sensor alignment of the other methods. For this purpose it is necessary to calculate errors of the speed of individual sensors in order to correct them, according to the formula:
during their work, as shown in Fig. 4 . It is possible to determine the sensor alignment error by comparing the speed calculated on the basis of the value of time measured between successive commutation points of a BLDC motor and the real speed measured by an external reference sensor. This method, although the simplest one, complicates drive systems and considerably increases their cost.
To make the withdrawal of a reference speed sensor possible, it is necessary to measure the value of speed using the existing elements in a way which is insensitive to their alignment error. Most often to calculate an error of speed calculation, the reference value is considered to be the value which is an arithmetic mean of the measurements for all commutation points of a BLDC motor [9−11] -in other words, an average speed value measured during a complete revolution of the drive shaft. Unfortunately, such simplification takes into consideration the joint shaft speed, which has an insignificant impact on an average rotational speed of a motor. However, the average speed distorts partial speed measurements, on the basis of which the sensor alignment error is calculated. This leads to incorrect calculation of the correction factors, resulting in a wrong definition of the rotational speed. Based on the performed simulations of working the shaft position observation system of a BLDC motor it was confirmed that the second and thirdmeasurement methods are insensitive to sensor installation accuracy, and the impulse is a signal for the time measurement, which is repeated cyclically, regardless of the sensor installation accuracy.
An algorithm has been developed which calculates the difference between the speed measured by method 1 (the most advantageous from the point of view of system dynamics) and by method 3 (insensitive to sensor alignment errors), for a fixed working state of a BLDC motor. Errors specified in this way for each of 6 ⋅ p measurement points are stored in an array of corrective values [e].
To properly determine the corrective values, the speed measurements should be carried out for a constant actual speed of the rotor -the rotational speed of at least one complete revolution should be stable to make the values calculated by method 1 and method 2 comparable with each other. The rotational speed of a BLDC motor is stable during one complete revolution, if 6 ⋅ p subsequent speed measurements carried out by method 2 are the same. Such an assumption is very difficult to meet in practice. In this simulation the accuracy of 1% between successive values was assumed -once similar results are obtained by the speed measurements independently for each element (in accordance with method 2), the correction coefficients used to determine the actual speed values for method 1 are being calculated.
To save the calculated correction coefficients it is necessary to book in the program memory a data array of 6 × p dimension, as presented in Fig. 5 , where p is the number of pole pairs of a BLDC motor. Because the shaft position of a BLDC motor is determined by the state of position sensors only in 1 pole-pair machines, a single calculation of the correction coefficients and saving them permanently in the non-volatile memory of the device is possible in such machines only. In the case of machines with a greater number of pole pairs it is necessary to carry out the procedure in order to determine the sensor location error each time the loss of power supply occurs. This is due to the fact that in the case of multi-pole machines several actual motor shaft positions correspond to the same state of the shaft position sensors. Figure 6b illustrates the course of the start-up simulation and then implementation of the corrective coefficients of speed measurement. Those simulations were performed for a onepole-pair machine, assuming a 5% alignment error of one of the shaft position sensors. After determining the speed of the closed-loop feedback system, the corrective coefficients of speed measurement for method 1 are calculated with the algorithm presented in Fig. 6a .
Graph 6b shows a significant error of determining speed by method 1, which is adjusted after calculating the corrective coefficients from about the 4th second of the system's operation.
Simulation studies carried out in Matlab-Simulink environment showed usefulness of the proposed method in correcting the calculated speed independently of correctness of the BLDC motor's sensor alignment. The developed algorithm for determining errors of the sensor location and rectifying the results of speed measurement significantly affects the drive systems, enabling arrangement of a correctly working loop feedback system as well as improving dynamics of their operation.
Experiment results
The simulation results were verified practically at a specially developed laboratory station consisting of two BLDC motors coupled with each other, as presented in Fig. 7 . The first one acts as a motor and the second as a load. Since practical implementation of a motor shaft observation system in which the error of sensor alignment would be regulated is very difficult due to technical and technological constraints, it was necessary to use another method to generate information on the shaft position of a motor. Therefore, an incremental encoder with the resolution of 2000 CPR was used for this purpose, as well as an appropriate algorithm generating signals from 3 rotor alignment sensors of a BLDC motor, with an accuracy corresponding to the one assumed in the simulation model. Such a solution accepts any configuration of sensor alignment errors, which enables fast and accurate testing without interfering with the mechanical construction of the motor. In the laboratory, tests were carried out of start-up fixed engine work and the system's response to rapid growth in load torque on the motor shaft, alternatively with and without a corrective algorithm of sensor alignment. The first figure illustrates the operating cycle of the drive system, during which the errors of sensor location may be determined. It can be divided into several sections, as shown in Fig. 8 . Area I -operation at a fixed state with the speed of 30 rpm, II -increasing the speed up to 400 rpm, III -operation at a fixed state in an open-loop feedback system, where calculations of the corrective coefficients of speed determination for method 3 are made, IV -introduction of the corrective coefficients to calculate the rotational speed, starting operation in the speed feedback loop, V -a rapid increase of the motor load, VI -a rapid reduction of the motor load.
In areas I, II and III the system should operate in an open-loop feedback system with an arbitrarily given PWM duty ratio. To that extent one can notice a large impact of sensor alignment errors on the speed calculated on the basis of the time elapsed between consecutive commutation points of a BLDC motor. In area III, where the actual speed is almost constant, taking into account the speed values determined by method 2, the corrective coefficients for method 3 of determining speed are calculated, which are introduced into the calculations from operation area IV. Within the scope of practical verification the measurements of speed data for the rotor of a BLDC motor were carried out (Fig. 9) for the same working conditions, either with a corrective 
Conclusions
The proposed method of speed calculation with allowances for an error in the alignment of the sensors monitoring the shaft position of a BLDC motor significantly increases the operation features of the drive system with unchanged investment outlays. It seems to be particularly useful for applications using slow-speed motors operating in a closed-loop system, in which the low frequency of speed read-out makes implementation of averaging algorithms impossible.
Even a small error in deployment of one of the motor shaft position sensors causes significant deterioration of the drive operation. Determining the speed with an error of a few percent almost disables the correct layout work, especially at a low rotational speed. The proposed method combines the advantages of a large frequency of speed readings and speed sensor deployment error corrections. This makes the error of speed determination minimal and largely depends on the quality of components used in the measurement system construction and the speed of the microprocessor structure that is used to synthesize the control system. The error of determining the actual rotation speed of the motor using the developed algorithm during laboratory tests does not exceeded 1% of the measured value, regardless of the deployment error of the shaft position sensor.
This method is useful for systems with incorrectly placed sensors, as well as those where the rotational element of the shaft position measurement system was made with an offset error.
